ABSTRACT The device rated capacity, system loss, and cost of a modular multilevel converter are proportional to the circulating current value. In order to enhance suppressing the second order harmonic component of circulating current and improve the dynamic response of the system, a novel circulating current suppressing strategy based on virtual impedance sliding mode control (VI-SMC-CCS) is proposed. This paper first analyzes the essential CCS mechanism, then presents a circulating current decoupling model using a state feedback linearization method, improving the system accuracy. Moreover, the sliding mode control and virtual impedance loop are introduced to strengthen system robustness. Different circulating current suppressing strategies are compared by simulation, the results demonstrate the correctness of the VI-SMC-CCS, which not only effectively reduces the second order harmonic component of the circulating current, but also improves the stability, reliability, and rapidity of the system.
I. INTRODUCTION
Modular multilevel converter (MMC) is regarded to be one of the most attractive converter topologies for mediumhigh power applications. It not only plays key roles in the voltage source converter based high voltage direct current (VSC-HVDC) transmission systems, but also shows good application prospects in the field of medium-voltage variable-speed drives, energy routers and interconnected energy network, etc [1] - [5] . Compared with the other existing multilevel converters, MMC provides advantages such as lower harmonics, higher modularity, scalability and better efficiency [6] - [8] . However, there are still some challenges for MMC, such as sub-module (SM) capacitor voltage imbalance, circulating current loss, DC link power fluctuation, etc [9] - [11] . Among them, circulating current is one of the most serious and prominent issues.
The circulating current is mainly composed of the DC and second order harmonic components [12] . The analytical
The associate editor coordinating the review of this manuscript and approving it for publication was Ton Do. relationship between arm inductance and second order circulating current has been reported in [13] and [14] . Although some control techniques use the circulating current to achieve faster voltage response in specific situations, the circulating current leads to arm current distortion, which further increases the current stress of the devices and system cost. Meantime, it also introduces additional conduction loss and thermal issues, which inevitably reduces the system life [15] , [16] . Therefore, several control schemes have been introduced to deal with the circulating current issue.
The circulating current suppressing (CCS) schemes are usually classified into the hardware and software solution. For hardware solution, it is common practice to increase the arm reactance, but it will inevitably increase the volume and cost of the system [17] . As for software solutions, the circulating current suppressing controller (CCSC) is proposed to eliminate the second order circulating current component [16] , [18] . But it should be noted that CCSC is sensitive to the external disturbances and model parameter variation, and further brings weakly damped oscillation to the system [19] , [20] . Thus, the CCSC small-signal stability is improved by controlling the internally stored energy in [21] . CCSC and forced circulating current control (FCCC) is compared in [22] , where the FCCC shows better SM capacitor voltage regulation capability than CCSC. The circulating current model of MMC is derived in [23] , which designs a universal circulating current suppressing (UCCS) controller by controlling the role of circulating current as current controlled voltage sources. However, the control performance depends on the measurement accuracy. Proportional resonant (PR) controllers have been incorporated into CCS in [24] and [25] . But PR controller is sensitive to the grid frequency offset, which directly affects PR controller's functionality and accuracy. Thus the proportional integral resonant (PIR) controller is presented in [26] and [27] , which slightly improves the robustness to frequency fluctuation. All the above mentioned methods can suppress the circulating current to some extent, but the robustness of system cannot be ignored. The evenharmonic repetitive control strategy is proposed in [28] to facilitate the controller design and improve the accuracy and robustness of the system.
Sliding mode control (SMC) shows prominent merits, such as insensitivity to parameter variations, external disturbance rejection, and fast dynamics response. So it is more suitable for variable structure systems [29] . A SMC nonlinear controller for a VSC-HVDC transmission system has been reported in [30] . However, SMC requires very high control bandwidth, and the intrinsic switching behavior of SMC leads to jitters, high switching losses, and increased wear on the power devices [31] . Thus, the predictive sliding mode control is proposed for voltage source converter based multi-terminal HVDC (VSC-MTDC) grids in [31] . As the core converter of VSC-HVDC, MMC is a typical variable structure nonlinear system. SMC can be applied to MMC to improve its robustness and shows great application prospect.
Based on analysis of the existing CCS schemes, this paper proposes a virtual impedance sliding mode control based CCS (VI-SMC-CCS) strategy, for improving the suppressing effect by considering both the stability and rapidity. The rest of this paper is organized as follows. Section II presents the fundamental operation principle of MMC and the CCS mechanism. In Section III and Section IV, the circulating current mathematical model with state feedback decoupling control and the VI-SMC circulating current controller is designed and discussed in detail. To validate the feasibilities and effectiveness of the proposed strategy, extensive simulation results are demonstrated in Section V. Finally, the concluding remarks are presented in Section VI.
II. MMC CONFIGURATION AND OPERATION PRINCIPE A. MMC CONFIGURATION
A general configuration of the three-phase grid-connected MMC is illustrated in Fig. 1 . It is comprised of three phaselegs, and each phase-leg contains a stack of 2n identical sub-modules (SMs), two arm inductors L m , and two arm equivalent resistors R m . For the convenience of discussion, each phase-leg is further divided into the upper and lower arm. As basic building blocks of MMC, the SM jk (phase j = a, b, c; number k = 1, 2, · · · , 2n) consists of two IGBTs (T 1 , T 2 ) with anti-parallel diodes (D 1 , D 2 ) and one capacitor C SM . The AC terminals of MMC are connected to the AC gird u sj through AC inductor L s and AC equivalent resistor R s .
B. OPERATION PRINCIPE OF MMC
Considering the operation principles of three phases identical, without loss of generality, taking phase-j as example for theory analysis. The analysis is under the following assumptions: 1) Three-phase AC voltages and currents are symmetrical and ideal. 2) AC output current i sj is distributed equally between the upper and lower arm. 3) Ignoring the switching losses of the power devices.
According to the MMC equivalent circuit in Fig. 2 , the upper and lower arm current i pj and i nj can be expressed as
where i zj is the circulating current of phase j. The upper and lower arm voltage U pj and U nj are determined as (2) where u jk is the AC output voltage of the SMs.
It is known from the single-phase MMC equivalent circuit of Fig. 2b that the external characteristic equation of MMC is provided as
where u oj is the equivalent AC output voltage without arm reactance. R 0 and L 0 are the equivalent resistance and inductance in the single-phase MMC equivalent circuit respectively. u oj , R 0 and L 0 are determined as
According to Fig. 2a , the relation between internal voltage and current characteristic equation is supposed as
where u zj is a circulating current voltage drop generated by the circulating current flows through the arm inductors, and it can also be expressed as
C. CIRCULATING CURRENT SUPPRESSING MECHANISM OF MMC
In depth analysis of the internal performances, a single-phase MMC circulating current distribution model is illustrated in Fig. 3 . The circulating current can be quantified as
where Z v are the virtual impedance equivalent to the CCS control part of the system. According to (2) -(9), CCS control may be performed in the following three aspects: 1) Reducing the ripple voltage across the SMs capacitors, so that AC component of u zj may reach nearly zero. It further helps alleviate the AC components in circulating current.
2) Increasing the arm reactance. This is the so-called hardware solution. Besides employing larger arm inductors, the resonant L-C filter is also designed to increase the second order system resistance [17] . 3) Injecting virtual impedance. Typical CCS software methods can be equivalent to injecting virtual impedance into the system to suppress the even-order components in the circulating current. Most of them control the circulating current to generate the circulating voltage drop superimposed on the arm voltage, and finally generate the reference wave of the system [18] - [27] .
Combining with (3) and Fig. 3 yields the AC voltage as
With the injection of virtual impedance, the system inevitably sacrifices part of the modulation depth for the virtual impedance divider, resulting in the actual output voltage drop. The equivalent AC output voltage u oj without the arm reactance does not change because U pj and U nj have the same degree of decrease, but the difference between them remains the same. Therefore, it is necessary to optimize the system virtual impedance design in order to enhance the CCS effect.
III. MODELING AND DESIGN OF VI-SMC CIRCULATING CURRENT CONTROLLER
In this section, a circulating current mathematical model is established and it is decoupled by state feedback linearization to improve the system accuracy.
A. MATHEMATICAL MODEL OF MMC CIRCULATING CURRENT
The MMC internal voltage and current characteristic equation in the second order rotational dq frame is as follows
where u zd and u zq are the dq components of the circulating current voltage drop. i zd and i zq denote the dq components of the circulating current [16] . And ω 0 is the fundamental frequency. According to (11) , the corresponding mathematical transfer function model of the MMC circulating current, is depicted in Fig. 4 . As shown in Fig. 4 , there is a cross-coupling between u zd , u zq and i zd , i zq . So the proportional integral (PI) controllers based decoupling control is adopted. But it normally holds only for the designed operating point and system parameters, so control is greatly affected by the external disturbances, and the control range is limited [31] . In order to improve the system accuracy, the state feedback linearization method of [32] is then introduced to decouple (11) in this paper.
B. STATE FEEDBACK LINEARIZATION DECOUPLING
The state variable of the circulating current mathematical model is selected as
Referring to (11) , the state equation of the affine nonlinear system is given by the following
where
Set x = x * , x * is any one state points of x, the following equation holds
where L gj h i (x)= g j (x)·∂h i (x)/∂x, the operation method in the matrix is the Lie derivative calculation of the function [33] . According to (13) , relative order vector γ 1 + γ 2 = 2, γ 1 = γ 2 = 1. It is the same as the system dimension, which satisfies the state feedback accurate linearization condition. Therefore, the system can be accurately linearized. Moreover, (12) is also performed by the Lie derivative operation
where (12) and (14), the relationship between the output and input is expressed aṡ
The matrix A(x) is the state transition matrix. v = [v 1 , v 2 ] T is introduced to eliminate the nonlinear relationship between the output and input, and then accurate decoupling achieves. Moreover, the state feedback control law is assumed to be
Substituting (16) into (15) generates the dynamic equation between input and output, which is written as
In (17), by adopting the state feedback accurate linearization, the nonlinear cross-coupling system is decoupled into a simple two-input and two-output independent linear system. The MMC circulating current decoupling model is shown in Fig. 5 . According to Fig. 5 and (17), the input and output of the system is in a first-order linear relationship. Due to the precise state feedback linearization, the accuracy of the system model is high, but the robustness of the system is reduced when the parameters are perturbed. In order to overcome this defect, SMC is introduced into the decoupling system to enhance the system robustness.
IV. SLIDING MODE CONTROLLER AND VIRTUAL IMPEDANCE LOOP DESIGN
In this section, the sliding mode controller and additional virtual impedance (VI) loop is designed to improve the robustness and reliability of the system.
A. THE SELECTION OF SLIDING MODE SURFACES
At this time, CCS becomes a typical tracking issue. The control goal is to make i zd and i zq follow the reference values i zdref and i zqref respectively, after the rotation coordinate transformation [30] . The control error of the system is as follows
The effect of SMC depends on the selection of sliding mode surface. The traditional linear sliding mode surface with steady-state error is prone to chattering. In this paper, the integral sliding mode surface is used to overcome the system chattering [34] . In this paper, the integral sliding mode surface is selected as
where k 11 , k 12 , k 21 and k 22 are SMC surface coefficients.
B. THE CHOICE OF SLIDING MODE REACHING LAW
Proper design of reaching law is helpful to weaken chattering. Due to the existence of sign function in the typical sliding mode reaching law, the switching action inevitable causes the control discontinuity, resulting in a certain degree of high frequency chattering [35] . Consequently, a continuous saturation function instead of sign function is used, which is
where ε i and k i are coefficients of reaching law,
is sliding mode surface boundary layer thickness and sliding mode surface is decomposed into two sliding mode surfaces (s i = or s i = − ) at this time [36] . The selected control law is as follows: 1) Beyond boundary layer: Using the exponential reaching law, the deviation can be corrected in a shorter time.
2) Within boundary layer: A linear reaching law is used to continuously control the system and to reduce buffeting while correcting deviations.
The boundary layer thickness of sliding mode surface can be adjusted according to the system dynamic performance. In order to simplify the analysis, is selected as 1. The system control law obtained by the simultaneous (17) - (20) is
Combined with (16) and (21), the available output of SMC after feedback linearization is as follows
C. DESIGN OF ADDITIONAL VIRTUAL IMPEDANCE
The boundary layer thickness is usually specified when SMC used the saturation function. It is hard to reach the sliding mode surface accurately by adjusting the system parameters [37] . Therefore, the improved design should be carried out. The essence of CCS is to reconstruct the circulating voltage drop across the equivalent virtual impedance of control system. By controlling the circulating voltage drop, the second order circulating current component is suppressed. Thus a virtual impedance sliding mode control based CCS (VI-SMC-CCS) strategy is proposed. The additional virtual impedance is used to share the second order circulating current under SMC, which further helps reducing the modulation depth sacrifice caused by the excessive SMC equivalent impedance.
In the actual control process, the pure differential loop is hard to achieve. To avoid the system overshoot and divergence risk, a first-order inertial loop is added. At this time, it can be equivalent to a virtual arm resistor R I in parallel with the virtual arm inductor L I , as shown in Fig. 6a , and the corresponding relationship can be expressed as
where, k = R I , T = L I /R I . Therefore, the relationship between circulating voltage drop increment and circulating current is
Thus, an improved virtual impedance control loop as shown in Fig. 6b is obtained. According to Fig. 6 , the voltage increment u zd and u zq are equivalent to the active and reactive voltage drop, generated by the second order circulating current in the virtual impedance. That is the compensation of u zd and u zq for the SMC output. What's more, CCS control is then simplified as VOLUME 7, 2019 a first-order system. Taking d-axis as an example, the mathematical transmission function model is built, as shown in Fig. 7 .
FIGURE 7. VI-SMC-CCS mathematical transmission function of MMC.
The open-loop transfer function from Fig. 7 is as follows
From (25), the system characteristic equation is as follows
Considering the virtual inductance L I and the virtual resistance R I as the variable separately, the equivalent open-loop transfer function is written as (27) and (28) .
Set the basic values of the resistance and inductance are the equivalent resistance R 0 and the reactance L 0 in singlephase equivalent circuit respectively [38] . According to (27) , as shown at the bottom of this page, changing the virtual inductance value from zero to infinity, five typical root locus are drawn, as shown in Fig. 8a . Similarly, according to (28) , as shown at the bottom of this page, five other typical root locus can be drawn as Fig. 8b . 8 shows no matter how L I and R I are adjusted, the root loci is always in left half of the S-plane, and the system is in stable [39] . When L I and R I are changed, only the system zero-points and breakaway-point move, while the poles are almost unaffected. It means that changing virtual impedance parameters does not affect the system's speediness, but only affects its stability and the accuracy.
From Fig. 8a , if the natural oscillation frequency is in high frequency state, the system stability improves with increasing R I . In the low frequency state, the change is the opposite. From Fig. 8b , the system stability weakens with the increase of L I . Considering the virtual impedance design purpose, the second order circulating current oscillation is weakened. Thus the damping ratio of the root loci should be set at zero, while the root of the system should fall on the negative real axis of S-plane.
Moreover, the virtual impedance parameters should match with the second order circulating current components. So that
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the root of the system is on the negative real axis when the natural oscillation frequency is 200 . At this time, the virtual inductance and virtual resistance per-unit value are 0.33 p.u. and 0.3 p.u. respectively.
D. VI-SMC CIRCULATING CURRENT SUPPRESSING STRATEGY
According to (5) and Fig. 2a , the grid-side current is obtained by controlling the equivalent AC output voltage u oj . The system control is equivalent to the control of the upper and lower arm voltage U pj and U nj . From Fig. 2b , the negative effect of circulating current may be suppressed by subtracting the circulating voltage drop from its reference value. Therefore, the reference upper and lower arm voltage is expressed as
Consequently, in combination with (21), (22), (24), and (29), the system is based on the VI-SMC circulating current suppressing control block diagram, as shown in Fig. 9 .
In summary, the final VI-SMC-CCS model is obtained through gradual optimization of the control system. The overall design process is shown in Fig. 10 .
V. SLIDING MODE CONTROLLER AND VIRTUAL IMPEDANCE LOOP DESIGN
In order to verify the feasibility of the theory analysis and control, comparative simulation studies of VI-SMC-CCS are carried out in detail. Here, four existing CCS models, i.e. normal operation (Normal), CCSC, UCCS and simple sliding mode control (SMC) are also chosen for comparison purpose. All the testing is in a three-phase five-level MMC topology with the same parameters under Matlab/Simulink.
The modulation strategy adopts carrier phase shift sine pulse width modulation (CPS-SPWM) technology [2] . The simulation parameters and the controller parameters are listed in Table 1 and Table 2 , respectively. 
A. SIMULATION ANALYSIS OF VI-SMC-CCS MODEL
Setting the simulation step 10 µs and the circulating current suppressor to activate at 0.2 s. The simulation results VOLUME 7, 2019 are shown in Fig. 11 . The SMs capacitor voltage can automatically tend to balance to a certain extent by adopting CPS-SPWM modulation strategy, shown as Fig. 11b . However, the apparent circulating current ripple exists in MMC without any CCS strategies, while there will be remarkable power oscillation appears in both the input and output at the same time, shown as Fig.11a and Fig.11c . So the control strategy is required to restrain the above defects.
At 0.2 s, Fig. 11a shows that three-phase circulating current can be suppressed at I dc /3. Fig. 11b shows that the SM capacitance voltage stabilizes at the rated value 4 kV. Fig. 11c shows that the fluctuation of the system power is well suppressed, while the VI-SMC modulation depth over the normal modulation ratio is −0.10∼0.10, shown as Fig. 11d . Consequently, the VI-SMC-CCS strategy can effectively suppress the second order harmonic circulating current, making the system input and output power stable at 16 MW.
Moreover, according to the simulation of VI-SMC-CCS under different virtual impedance parameters, the second order harmonic ratio and DC component sacrifices of the circulating current can be obtained, as shown in Fig. 12 .
Therefore, the correctness of the virtual impedance parameter chosen by the root loci mothed is verified.
B. STEADY-STATE COMPARISON
The CCS controllers are enabled at 0.2 s. The circulating current in phase-A and its stabilization time after controller activated under different CCS models are illustrated in Fig.13a and Table 3 . It shows that CCSC model takes longer stabilization time, and also a considerable second order current oscillation exists in the circulating current. Both UCCS and SMC CCS models take less stabilization time, and the oscillation has been effectively suppressed. Due to the additional virtual impedance, VI-SMC-CCS model shows better stability and suppressing performance. Moreover, Fig.13b provides the spectra analysis of phase-A circulating current. And the harmonic detail is listed in Table 4 . Table 4 show that the performance of VI-SMC-CCS model is optimal in terms of the second order harmonic ratio and DC component sacrifices of the circulating current.
C. OPEN-LOOP DYNAMIC RESPONSE COMPARISON
The open-loop inverting scenario is taken for comparing the dynamic response simulation when the load mutates. The CCS controller is activated at 0.2 s. The load changes from 14 MW to 16 MW at 0.4 s, and then step to 18 MW at 0.6 s, and it steps to 14 MW at 0.8 s. This paper analyzes changes in the circulating current and system power of the Normal, CCSC, UCCS and VI-SMC-CCS are shown in Fig. 14 and Fig. 15 .
Defining recovery time is the period lasts from beginning of the load steps till the system re-enters its steady state. The corresponding recovery time and FFT analysis under different load stepping is shown in Table V . After CCSC suppresses the circulating current, the dynamic response of circulating current and system power is better, but the system circulating current harmonics and input power harmonics are still large. UCCS shows smaller amounts of harmonics, but the dynamic response of circulating current and system power is poorer. While for VI-SMC-CCS, the circulating current harmonics were the smallest. And it also shows better steady-state and dynamic response compare with other CCS models.
D. GRID-CONNECTED DYNAMIC RESPONSE COMPARISON
Assuming system operates in closed-loop grid-connected rectifying operation condition. The dynamic response of the circulating current and the system input-output power when the system DC voltage steps is analyzed.
At 0.2s, CCS controllers are activated. Setting the reference DC voltage 16 kV at 0∼0.4 s. At 0.4 s, the DC voltage steps rising by 20%, and it steps dropping by 20% at 0.7s. At the same time, the set-point reactive power steps up by 30% during 0.6∼0.8 s, and the dynamic performance of the system under this disturbance is tested. The system inputoutput power and three-phase circulating current dynamic response of different models are shown in Fig. 16 and Fig. 17 , respectively. 16 shows that the input power dynamic response of the CCSC and VI-SMC-CCS controller system is equivalent, and the UCCS system is poor. After FFT analysis, the lowfrequency ripple of the input power is reduced with a circulating current suppressor.
Moreover, Fig. 17 shows that CCSC controller has better dynamic performance, but its harmonic suppressing capability is relatively poor. UCCS has better harmonic suppressing ability than CCSC, but its dynamic response is poor. Compared with UCCS and CCSC, VI-SMC-CCS shows better harmonic suppressing capability and relatively comparable dynamic response to the CCSC system. Once the system DC voltage steps, compared with the original CCS system as a disturbance, the system will enter a new balance state. Fig. 17 shows the three-phase circulating current overshoot corresponding to the DC voltage step point of the system, thus anti-disturbance performance of the system can be ranked as follows: VI-SMC>UCCS>CCSC.
What's more, combined with the small reactive power disturbance at 0.8 s in Fig. 17 , it can be seen that reactive power has a certain influence on the three-phase circulating current, and the anti-disturbance performance of VI-SMC is better than that of CCSC and UCCS.
VI. CONCLUSION
In this paper, by establishing the three-phase MMC equivalent model, the mechanism of the CCS is analyzed. The essence of CCS is to control the system virtual impedance, which is used to counteract the second order harmonic component of the circulating current. Based on the MMC circulating current model, the state feedback linearized decoupling control is carried out, and the VI-SMC-CCS controller is designed to improve the robustness of the system. Simulation results show that VI-SMC-CCS can significantly suppress the second order circulating current, improve dynamic response and anti-disturbance performance. It also shows good application prospects in the future high voltage and high power system. He is currently a Distinguished Professor with Beijing Jiaotong University. He is also the Director of the Center for Electric Traction, founded by the Ministry of Education, China. His current research interests include the power supplies and ac drives of railway traction systems, high performance and low loss power electronics systems, PV-based converters and control, active power filters, and power quality correction.
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